Intracranial atherosclerotic disease (ICAD) is defined as atherosclerotic lesions affecting large intracranial arteries at the base of the brain, including the intracranial carotid artery (ICA), middle cerebral artery (MCA), and basilar artery, etc.

ICAD was once known as one of the most common subtype of strokes worldwide, especially in Asians and Hispanics \[[@B1]-[@B3]\]. However, ICAD has received less attention due to a focus on the more accessible extracranial carotid artery occlusive disease in the West. A study that showed a strikingly high prevalence of both intracranial plaque and intracranial stenosis in 339 autopsies of patient with stroke suggested that the real prevalence of ICAD in whites may be underestimated \[[@B4]\]. The increasing prevalence of risk factors for ICAD, such as diabetes and metabolic syndrome, also contribute to the increase in the prevalence of ICAD.

Only one or two decades ago, it was not easy to screen for ICAD in asymptomatic patients, because ICAD is not easily detected by physical examination or clinical history. However, with advances in CT and MR techniques making it easier to apply these modalities more widely, ICAD is being detected much more frequently. An increase in the diagnosis of ICAD has lead to an increase in new knowledge about stroke risk and the pathophysiology of ICAD.

High-resolution magnetic resonance imaging (HR-MRI) has been used recently to identify intracranial wall features \[[@B5], [@B6]\]. HR-MRI has several advantages compared to traditional MRI. In addition to visualization of the sub-millimeter arterial wall, it enables a high signal-to-noise ratio and minimal scan duration \[[@B5]\]. The degree of stenosis is no longer the sole predictor of vulnerable atherosclerotic lesions. Many investigations have revealed that various intraplaque factors, such as plaque morphology, plaque components, and inflammation, are also closely associated with the vulnerability of an atherosclerotic plaque. While conventional luminal images are limited to demonstrating the plaque, HR-MRI is able to directly demonstrate plaque characteristics.

In the field of neurointervention, characterization of an intracranial artery lesion is important for many reasons. The characteristics of an atherosclerotic lesion are known as major factors influencing the rate of periprocedural complications \[[@B7], [@B8]\] and therefore can be used to select patients for percutaneous transluminal angioplasty and stenting, and for designing individualized operating plans \[[@B9]\].

Fortunately, HR-MRI of the intracranial artery is a good benchmarking model based on prior research involving carotid wall MRI. Based on numerous clinical studies of carotid endarterectomy, carotid wall MRI is emerging as the best candidate for assessing carotid stenosis with additional diagnostic features pertinent to patient management.

To date, this attention to ICAD and the creation of a benchmarking model has led to an increasing number of articles about HR-MRI for ICAD. In this article, on the basis of previous research and our experience, we describe the current protocol for intracranial HR-MRI and discuss and illustrate the role of HR-MRI, focusing on the vulnerability of ICAD, pathophysiology and differential diagnosis. In addition, we discuss current perspectives on the role of HR-MRI.

HR-MRI PROTOCOL
===============

A major limitation of intracranial HR-MRI is that the intracranial arteries are too small to obtain adequate spatial resolution. Therefore, there are several requirements for HR-MRI of intracranial artery. First, examination of the intracranial arteries must be performed with high-field MRI (usually 3T or 7T in future investigations) to acquire a high signal-to-noise ratio. Next, the voxel size should be set to under 1×1 mm. If needed, presaturation is added to the sequence for elimination of the signal within the vascular lumen. Finally, we must consider that the intracranial arteries are surrounded by cerebrospinal fluid (CSF), unlike the carotid or coronary arteries. CSF flow can lead to a heterogeneous signal intensity around the vessel, and this can disturb the delineation of the outer margin of the intracranial artery. [Fig. 1](#F1){ref-type="fig"} is an example of HR-MRI of the MCA.

In the extracranial carotid artery, multimodal sequence is essential to characterize the components of an intraplaque lesion. T1-weighted MR and time-of-flight MR angiography (TOF-MRA) are good at visualizing intraplaque hemorrhage. T2-weighted and proton density (PD) weighted sequences are suitable to differentiate between the lipid core and plaque cap. Enhancement can characterize inflammation or better visualize the margin of the plaque cap. The critical role of multimodal sequencing has been confirmed by many studies that compare pathology and MRI findings. The multimodality sequence can be acquired in intracranial HR-MRI, similar to carotid-wall MRI. However, with respect to the intracranial artery, there is no clear answer for whether multimodal MR sequences are helpful in analyzing the plaque component. It is quite difficult practically to harvest pathologic specimens from ICAD, which proves that the variables and change in signal intensity on multimodal sequencing can characterize the vulnerable lesions in ICAD. There has not been any investigation to correlate HR-MRI and pathologic specimens in ICAD.

If you are looking to try multimodal sequencing in order to provide multispectral characterization of an arterial wall plaque in a manner similar to that validated by carotid MR imaging, we recommend the HR-MRI protocol, including two-dimensional (2D) PD-, T1-, and T2-weighted turbo spin echo (TSE) sequences ([Fig. 1](#F1){ref-type="fig"}). In our experience, PD-weighted imaging is best for visualizing the vessel margins and lumen. T1-weighted imaging is known to be a good technique for revealing intra-plaque hemorrhage, whereas the outer boundary is less clear. T2-weighted imaging depicts the inner boundaries with less clarity, but T2-weighted imaging can show a hyperintense band, which is thought to be the fibrotic cap around the lumen.

A 3D imaging technique with isotropic voxels is thought to improve the ability to detect subtle vessel wall lesions by minimizing partial volume effects. 3D imaging is also better for suppression of CSF flow artifact and for free reconstruction of any plane. Most of all, 3D may be beneficial in screening large populations, because raw data acquired with the axial plane can be easily reconstructed with any plane. However, one drawback to 3D imaging is that it is not comparable to 2D imaging in terms of spatial resolution.

To clarify the border between the vessel wall and vessel lumen, signal from the intravascular flow should be eliminated, similar to blood flow imaging. Complete suppression of signal from the vessel lumen, through the black blood technique, is usually preferred for vascular wall imaging in most cases. Inflowing blood that enters the slice of an intracranial HR-MRI is unsaturated and shows strong signal intensity. Therefore, a pre-saturation pulse should be added to the caudal slice from the skull base. In our experience, contrary to carotid wall MRI, a preparation with cardiac gating is not required to reduce motion artifact caused by arterial pulsation.

The proper plane of acquisition should be selected according to the purpose of the examination, because the slice number is constrained by acquisition time. Imaging perpendicular to the vessel axis is favorable for measuring the plaque burden and the lumen, for localizing the distribution of the plaque (eccentric or concentric), and for characterizing the components of the plaque. The imaging plane should be directed along the axis of the vessel of interest that has been visualized on the previously acquired MRA. The main limitation of using this slice direction is the length of time required for acquisition.

Imaging parallel to the vessel axis is more favorable for screening for ICAD ([Fig. 2](#F2){ref-type="fig"}). If you scan HR-MRI using a direction transverse to the head at the level of clinoid process, HR-MRI can show the whole vessel, including the Circle of Willis, distal ICAs, the whole length of M1, the anterior communicating artery and the basilar artery, without a long scan time. However, imaging parallel to the vessel axis is impossible if one wants to assess the plaque burden and distribution.

PLAQUE VULNERABILITY
====================

As compared to stable plaque, vulnerable plaques have several histopathologic characteristics, such as a larger lipid core, thinner fibrous cap and a multitude of inflammatory cells \[[@B10], [@B11]\]. These histologic characteristics are observed in coronary and carotid plaques as well. Therefore, MCA atherosclerotic plaques may share some common vascular biological features with these arteries. Most studies of HR-MRI for ICAD have also focused on evaluating plaque vulnerability. Previously published investigations demonstrated that plaque vulnerability is related to the remodeling pattern, cross sectional area of the plaque burden, intraplaque hemorrhage and contrast enhancement on HR-MRI.

Remodeling pattern
------------------

Atherosclerosis of vessels follows two different growth patterns: positive remodeling and negative remodeling. Positive remodeling is def ined as a compensatory increase in vessel size in response to increasing plaque burden \[[@B12]\]. In contrast, negative remodeling is defined as local shrinkage of the vessel size \[[@B13], [@B14]\]. Studies of the coronary arteries have shown that positive remodeling is signif icantly correlated with ischemic symptoms \[[@B15]\]. A possible explanation for correlation may be that positive remodeling in an area with more plaque has an increased risk of rupture, in contrast to an area of negative remodeling with fibrotic change that is more resistant to rupture. We found two articles that assessed the relationship between remodeling type and clinical symptoms of ischemic stroke \[[@B5], [@B16]\]. In these studies, the symptomatic MCA stenosis group showed a higher prevalence of positive remodeling, whereas, the asymptomatic MCA stenosis group had more negative remodeling. [Fig. 3](#F3){ref-type="fig"} demonstrates examples of the positive and negative remodeling of MCA stenosis on HR-MRI.

Plaque burden
-------------

The volume of plaque has also been considered as a risk factor for stroke in the intracranial arteries \[[@B5], [@B6], [@B16]\]. Two published articles demonstrated that symptomatic MCA stenosis had greater plaque thickness or a higher ratio of plaque thickness to patent lumen, compared to asymptomatic MCA stenosis. The area of plaque can offset the stenosis degree due to positive remodeling on conventional MRA and CTA. However, HR-MRI can provide information about the lumen status in nonstenotic atherosclerotic disease. Views perpendicular to the MCA axis should be obtained to clearly show the plaque and lumen areas.

In order for this novel diagnostic method to be a valuable clinical tool, it must be a reproducible qualitative and quantitative method. Two published studies revealed that the inter- and intra-observer agreements are excellent for the quantitative measurement of the plaque and lumen areas \[[@B9], [@B17]\].

One study directly comparing the degrees of stenosis detected by MRA and HR-MRI revealed that measurement of stenosis on HR-MRI correlates well with the degree of stenosis on MRA \[[@B12]\].

Intraplaque hemorrhage
----------------------

Intraplaque hemorrhage (IPH) on carotid MRI is considered a risk factor for ischemic stroke \[[@B18]\]. In a recent meta-analysis of carotid plaque MRI in 779 subjects with a mean follow-up of greater than one month, the hazard ratio for IPH as predictors of subsequent stroke/transient ischemic attack was 4.59 (95% confidence interval, 2.91-7.24) \[[@B19]\]. A study of HR-MRI of the MCA also presented a different occurrence rate of IPH between symptomatic and asymptomatic MCAs \[[@B10]\].

Ryu et al. \[[@B6]\] reported that T1- and T2-hyperintense foci were more frequently observed within the plaques of symptomatic stenoses than within the plaques of asymptomatic stenoses. This study was the first to raise the possibility that a hyperintense lesion in plague may represent vulnerable lesion.

In a retrospective study of 109 high-grade (\>70%) MCA stenoses, recurrence of IPH was significantly different between symptomatic and asymptomatic MCAs (19.6% vs. 3.2%, p=0.01) \[[@B20]\]. However, one limitation of IPH detection through vulnerability is a low prevalence of IPH at the stenosis (10.1% of 109 stenotic MCAs). Otherwise, two recent studies also presented that the prevalence of IPH in symptomatic stenosis could be higher than in asymptomatic patients \[[@B17], [@B21]\]. We also experienced that IPH within plaque was closely related to vulnerability ([Fig. 4](#F4){ref-type="fig"}). However, as stated above, the sensitivity of IPH was too low to apply to clinical screening. In HR-MRI, T1-weighted turbo spin echo imaging and magnetization-prepared rapid acquisition with gradient echo (MPRAGE) imaging are sensitive sequences for the detection of IPH ([Fig. 5](#F5){ref-type="fig"}).

Whereas carotid wall MRI has various predictive imaging findings that reveal vulnerable histopathologic characteristics, other predictive findings besides IPH were not suggested on HR-MRI of ICAD. HR-MRI of ICAD has limited spatial resolution, making differentiation between the intraplaque lipid core and the fibrous cap difficult. A hyperintense band was observed in most of the MCA plaques, irrespective of symptoms, suggesting that this hyperintense band might represent a fibrotic component of the plaque, although at this point we have no direct evidence to support this assumption \[[@B16], [@B17]\].

Contrast enhancement
--------------------

Strong contrast enhancement of the plaque is related to an increase in the vascular supply to the plaque and increased endothelial permeability that promotes entry of the contrast agent into the extravascular space \[[@B22]-[@B25]\] ([Fig. 6](#F6){ref-type="fig"}). Several recent investigations suggested that enhancement of the carotid plaque on carotid wall MRI may be a predictable marker of clinical symptoms \[[@B26], [@B27]\]. However, the evidence in support of this opinion is too weak to fully establish the role of assessment of plaque vulnerability in carotid imaging. The established role of contrast-enhanced sequences in multimodal MRI of the carotid is only to enhance demarcation of the fibrous cap from the carotid plaque.

Swartz et al. \[[@B28]\] were the f irst to report that enhancement of the plaque is seen only at the vessel supplying the area of acute infarction, even with multiple stenotic lesions. After this study, several studies regarding the relationship between enhancing intracranial atherosclerotic plaques and acute ischemic stroke were published. Skarpathiotakis et al. \[[@B11]\] showed that strong pathologic enhancement of ICAD was seen in all patients imaged within four weeks of ischemic stroke in the vessel supplying the stroke territory. They also demonstrated a tendency towards decreasing enhancement as the time interval between imaging and ischemic events increased. Vakil et al. \[[@B10]\] also presented the results of a retrospective study that showed significant differences in contrast enhancement between the symptomatic and asymptomatic groups. In this retrospective study of 22 high-grade intracranial atherosclerotic disease plaques, plaque enhancement was observed in 70% of the symptomatic plaques and in 8% of the asymptomatic plaques \[[@B10]\].

However, there is some debate about whether contrast enhancement is a good prognostic tool for ischemic stroke for intracranial stenosis. Klein et al. \[[@B29]\] expressed doubt about the relationship between plaque enhancement and stroke because they found stationary enhancement of the basilar plaque, regardless of the time elapsed since an acute event.

KNOWLEDGE ABOUT PATHOPHYSIOLOGY OF PLAQUE AND INFARCTION
========================================================

Plaque distribution
-------------------

Plaque distribution has been suggested as an important factor predictive of stroke related to atherosclerosis. According to a previous coronary artery study, plaque tends to form at positions opposite to flow dividers \[[@B11]\], and plaque at flow dividers is exposed to high shear stress, which is the mechanical trigger of plaque rupture. Two previous studies of ICAD produced similar results to coronary atherosclerosis \[[@B30], [@B31]\]. In these studies, plaque was dominantly located at the ventral wall of the MCA and basilar arteries, which are opposite the orifice of the perforating artery, the flow divider. However, superior and dorsal wall plaques near the perforating orifice have a higher prevalence in symptomatic MCA stenosis than asymptomatic MCA stenosis. Therefore, plaques near the perforating orifice may result in perforating artery territorial infarction, with or without thrombosis formation in situ \[[@B30]\]. These results also suggest that branch atheromatous plaque may be another cause of lacunar infarctions, in addition to pathology at the terminal arteriole.

Subclinical diagnosis
---------------------

Before ICAD suddenly become symptomatic, atherosclerotic lesions progress subclinically over years. Therefore, early detection of ICAD may allow therapeutic intervention while the disease is still asymptomatic. Clinically, atherosclerosis with a low degree of stenosis still has an enhanced risk of becoming symptomatic. However, luminal imaging tools fall short in characterizing the presence of nonstenotic atherosclerotic disease. Several previous studies comparing HR-MRI and in vivo luminal imaging in patients with ICAD found that HR-MRI was able to image a small plaque that did not yield stenosis on MRA \[[@B12], [@B32]\]; HR-MRI can provide detailed information about smaller degrees of stenosis than other imaging methods. As suggested by this work, nonstenotic ICAD may turn out to be much more common than stenotic ICAD. These results correlate well with autopsy results from patients who died because of an ischemic or hemorrhagic stroke, in whom a strikingly high prevalence of ICAD was found \[[@B4]\].

A case series that reviewed different HR-MRI findings in posterior circulation infarction indicates that HR-MRI successfully delineates intracranial arterial lesions, suggesting that its use will lead to a further understanding of the mechanisms involved in stroke \[[@B33]\]. HR-MRI is able to visualize several critical atherosclerotic plaques not visualized by conventional luminal imaging, such that plausible explanations may be discovered in patients with nonfatal stroke of unknown cause ([Fig. 7](#F7){ref-type="fig"}).

DIFFERENTIAL DIAGNOSIS
======================

Several characteristic patterns of HR-MRI in intracranial arterial disease have been described. These are sometimes very useful in the differential diagnosis of intracranial artery disease, including dissection, Moyamoya disease (MMD) and vasculitis \[[@B28], [@B34], [@B35]\].

Intracranial dissection has a similar pattern to atherosclerosis, including eccentric wall thickening with enhancement. Distinguishing features in dissection are the presence of a T1 hyperintense intramural hematoma in the arterial wall indicating methemoglobin, a dissecting flap with a pseudolumen. [Fig. 8](#F8){ref-type="fig"} is an example of vertebral artery dissection. A 42-year-old male was admitted with severe headaches and was found to have eccentric stenosis at the right distal V4 on angiogram. T1 weighted HR-MRI shows intramural hematoma with high signal intensity at the stenotic segment.

Moyamoya disease is a common cause of MCA occlusion in Asians and MMD cannot be easily distinguished from ICAD in patients having atherosclerotic risk factors, although they have differing vascular wall pathologies. On HR-MRI, MMD typically shows a constrictive pattern at the stenoocclusive segment and this finding correlates well with pathologic findings ([Fig. 9](#F9){ref-type="fig"}).

In several previous studies of MMD disease involving HR-MRI, severely narrowed or occluded MCA branches and extensive collateralization have been described, but not wall thickening or enhancement \[[@B28], [@B34]\]. The stenotic MCAs in ICAD patients mainly showed eccentric vessel wall involvement and a heterogeneous signal intensity, whereas the MMD cases typically showed concentric vessel wall involvement and relatively homogeneous signal intensities.

Direct imaging of a vessel wall by HR-MRI may provide a confirmative diagnosis of congenital VA hypoplasia and remove the need for an invasive procedure. Congenital agenesis and web-like collaterals at the MCA may be diagnosed incidentally or as a complication of intracerebral hemorrhage from an aneurysm of the collateral arteries. Because HR-MRI can visualize the occluded segment that cannot be shown on luminal imaging, it is useful to differentiate between congenital agenesis and ICAD. Occluded MCA in ICAD results in a preserved outer diameter, but congenital agenesis of the MCA shows tiny collaterals within the Sylvian fissure without a significant MCA trunk \[[@B35]\].

PERSPECTIVE
===========

Recently, research on visualization of the intracranial artery using a 7.0 tesla MRI machine has been assayed. 7T MRI is able to achieve high in-plane spatial resolution and increases the signal-to-noise ratio \[[@B36], [@B37]\]. In contrast to 3T MRI, 7T MRI can demonstrate a normal intracranial vascular wall as well as pathologic segments in ICAD, allowing the earliest detection of atherosclerosis.

In the future, vessel wall imaging using multi-sequence MRI at 7T may be able to grade ICAD from the initial lesion to a complicated plaque with fibrous cap disruption in the same way that MRI can help assess carotid artery plaques.

We suspect that HR-MRI may play an important role in serial monitoring of ICAD due to its high reproducibility. HR-MRI helps to measure plaque volume subjectively, making HR-MRI useful in serial follow-up of ICAD, as well in assessment of response to drug therapy.

CONCLUSION
==========

In this review, we demonstrate that HR-MRI of ICAD can disclose asymptomatic intracranial atherosclerotic plaque burden and plaque vulnerability and may provide a more in-depth understanding of ICAD. However, several limitations of ICAD studies to date are that HR-MRI is difficult to correlate with pathology, its use involves practical diff iculties, and no obvious clinical gain is obtained from the use of HR-MRI therapeutically. In spite of these limitations, HR-MRI in ICAD appears to be of promising clinical usefulness, and interest in this modality is increasing in the fields of neurology and neuroscience. HR-MRI may help determine treatment options in ICAD and present more precise information about future risk related to the ICAD. Therefore, neurointerventionists should pay attention to the clinical usefulness of HR-MRI in ICAD. In conclusion, HR-MRI for intracranial vessels can be used for *in vivo* analysis of plaque vulnerability, detection of subclinical ICAD, and differentiation of intracranial stenoocclusive disease.

![Multimodal sequence can be acquired in intracranial HR-MRI, like as carotid wall MRI. This is an example of multimodal sequence of HR-MRI of MCA. Right carotid angiography shows severe stenosis at M1 (arrow on **A**). Figure **B**, **C**, and **D** are T1, T2 and proton density weighted HR-MRIs at this stenotic segment, consequently. These multimodal sequences of MRI show clearly thick and eccentric plaque and dark inner lumen at outer margin of MCA.](ni-9-9-g001){#F1}

![Three dimensional T1-weighted FLAIR MRI reconstructed with axial plane can cover the wide field of view. A severe stenotic segment of left distal M1 on MR angiography (**A**) shows enhancing plaque (arrows) on axial contrast-enhanced T1 FLAIR MRI (**B**).](ni-9-9-g002){#F2}

![These are examples of the remodeling of intracranial atherosclerotic disease. **A.** A 70-year-old man with asymptomatic MCA stenosis shows the smaller outer boundary of the stenotic segment (arrow on right-side figure) than contralateral side (arrow on left-side figure). **B.** Symptomatic MCA stenosis in a 67-year-old man shows the positive remodeling (arrow on right-side figure) which has the larger diameter than contralateral normal MCA (arrow on left-side figure).](ni-9-9-g003){#F3}

![Patients with multiple acute infarctions at right internal borderzone (**A**) has severe stenosis at right M1 segment (**B**). T1 weighted HR-MRI reveals that circumferential high signal intensity within plaque of stenotic segment (**C**).](ni-9-9-g004){#F4}

![MPRAGE MRI is one of the sensitive sequences for detection of intraplaque hemorrhage. **A.** MRA of symptomatic patient shows mild stenosis (arrow) at right M1. **B.** MPRAGE MRI shows hyperintense intraplaque hemorrhage (arrowhead) at this segment.](ni-9-9-g005){#F5}

![An example of the enhancement of plaque at intracranial artery. **A.** Pre-contrast proton density weighted HR-MRI shows eccentric thick plaque at MCA. **B.** These plaques are strong enhanced on contrast-enhanced HR-MRI (*Courtesy of DC Suh, MD*).](ni-9-9-g006){#F6}

![**A.** Diffusion weighted MRI showed lacunar infarction at right corona radiate, **B.** but MRA cannot show any stenosis at ipsilateral MCA (arrow). **C.** Axial plane of HR-MRI of MCA shows thick plaque (arrow) at right MCA.](ni-9-9-g007){#F7}

![In dissection, HR-MRI can reveal methemoglobin in arterial wall that show high signal intensity on T1 weighted sequence. 47 year old man with cerebellar infarction was diagnosed vertebral artery dissection. **A.** Vertebral angiogram shows the eccentric stenosis at distal V4. **B.** HR-MRI shows intramural hematoma (arrow) with high signal intensity at the stenotic segment.](ni-9-9-g008){#F8}

![Right internal carotid angiography shows severe stenosis at right carotid terminum and M1 (**A**). HR-MRI reveals that multiple small collateral vessels without significant MCA trunk (**B**). It is a typical finding of moyamoya disease.](ni-9-9-g009){#F9}
